ABSTRACT A l i b r a r y of cloned cDNAs r e p r e s e n t a t i v e of lymphocyte t o t a l poly(A) + RNA was screened with t o t a l DNA probes a t high clone d e n s i t y .
INTRODUCTION
The presence of r e p e t i t i v e DNA sequences in eukaryotic organisms i s now well established ( 1 -4 ) . Characterisation of the repeat elements by buoyant density centrifugation, renaturation k i n e t i c s and r e s t r i c t i o n enzyme digestion has demonstrated the existence of d i s t i n c t families with l i t t l e or no sequence homology between them. These families include t h e s a t e l l i t e sequences which range from two t o hundreds of base p a i r s in length (some being present in as many a s a million copies per genome) ( 5 , 6 ) , and sequences such as the Alu family (300 base p a i r s in l e n g t h ) , present in a t l e a s t 300,000 copies ( 7 ) . Other families of repeats include the s t r u c t u r a l genes coding for ribosomal and transfer RNA present i n several hundred copies per haploid genome ( 8 , 9 ) . For the purpose of the discussion here, r e p e t i t i v e sequences refer t o those sequences present in a t l e a s t 50 copies per genome.
Most r e p e t i t i v e DNA i s interspersed throughout t h e genome but some repeats have been reported t o be grouped in s p e c i f i c chromosome regions. The human Alu family of repeats, for example, are scattered throughout the genome (7) whereas another s e t of complex repeat sequences, the human Alpha R1 family, and other "buoyant density" s a t e l l i t e s appear t o be localised near t o the centromeric regions of certain chromosomes (10) .
There has been much speculation about the function of repetitive sequences. The predominantly centromeric position of the Alpha R1 sequences has led to the idea that this sequence may be involved in meiotic pairing (11) . The Alu sequences surrounding the ^-globin gene have been shown to contain an RNA polymerase III binding site in an in vitro assay and has been evolutionarily conserved (12) . It is possible that the RNA polymerase III transcript provides a primer for DNA replication.
More recently, transcripts have been detected which contain repetitive sequences interspersed with unique sequences (13) . In the mouse 50$ of the steady state nuclear RNA and a large proportion of the cytoplasmic poly(A) + RNA is derived from middle repetitive sequences adjacent to single copy DNA. Jelinek et al (14) have found that ZT?° by weight of HeLa large HnRNA contains inverted repeats, whereas only 7$ of small HnRNA and mRNA contain these sequences. In the sea urchin different subsets of repetitive sequences are represented in the nuclear RNA from specific tissues (15) . This observation has led to the proposal that genes are organised in "batteries" each associated with a specific family of repetitive sequences (16) . There is as yet no evidence that the presence of a repetitive sequence next to a specific gene influences its transcription or translation in any way. Clearly, a more detailed analysis of repetitive sequences and their associated single copy DNA is required to clarify their role in the organisation and expression of the eukaryotic genome.
'2here have been several studies concerning the relationship of some families of repetitive sequences to known gene clusters such as the /3-globln gene locus (17) . Our interest was in studying the frequency and organisation of repetitive sequences in RIIA transcripts from a variety of cell types. In this initial investigation we uned a representative library of cloned cKJAs derived from the poly(A) + R.1A from normal human lymphocytes to study the frequency and organisation of repetitive sequences in RNA transcriots. The use of such cloned sequences allows more detailed study of individual transcripts than would be possible using the original RNA. The results show that at least 1C0 of lymphocyte poly(A) + RHA molecules contain repetitive sequences, that a number of different families of repetitive sequences are represented, and that these are associated with unique sequences in the recombinant clones.
jffPffilMEHTAL METHODS Manipulation of the recombinant cDHA library All manipulations of recombinants were carried out under CII containment conditions in accordance with the G.M.A.G. guidelines for recombinant DNA research.
The cloned library from normal human lymphocyte cDNA was that described by Woods et 81^ (18) . Recombinants for screening were either filtered directly onto nitrocellulose filters or transferred onto the filters from microtitre wells using a replicator block. These plates were grown at 37° on 10/*g/ml tetracycline and replicas were made from them for screening. The replicas were grown until the colonies were approximately 1mm in diameter and then the plasmids were amplified by incubation overnight on 170/»g/ml chloramphenicol plates.
Colonies on the nitrocellulose discs (either random spreads or ordered arrays) were lysed and their DNA immobilised to the filters essentially as described by Grunstein and Hogness (19) . Preparation of nucleic acids High molecular weight human DNA was prepared as described by Jeffreys and Plavell (20) . Normal human lymphocytes and total poly(A) RNA were prepared as described by Woods et al (18) . Hybridisation of ^P-labelled nucleic acids to colony DNA immobilised on filters Filters to be hybridised were pre-treated essentially as described by Jeffreys and Flavell (20) . Nick-translation of the DNA (10* cpm^ug) was as described by Rigby et al (21) . Hybridisation was carried out in heat-sealed bags at 65° for 16h (10 7 cpm/ml) for DNA probes and at 42° in 50£ forraamide for 16 h 0 0 n cpm/ml) for RNA probes. After hybridisation the filters were washed at 65°t hree times in 2XSSC, 0.1 $ SDS and finally in 0.1XSSC, 0.1 % SDS. The filters were air dried and exposed to a pre-f lashed Fuji X-ray film with an intensifying screen at -70°. Plasmid DMA Preparation Plasmid DHA was prepared from 1 litre cultures of selected clones by the detergent lysate method of Clewell and Helinski (22) . The DNA was purified by centrifugation in an ethidium bromide/caesium chloride density gradient. Hybridisation of plasmids to restricted genomic DNA The DNA was restricted with EcoRI and the fragments separated bv electrophoresis and blotted as described by Southern (23) . Hybridisation with the nick-translated plasmid DUA was carried out for 18h at 65° and the filter washed as outlined above in the Grunstein-Hogness screening procedure.
Kinetics of reassociation of cloned inserts
Cloned inserts from recombinant plasmid DNAs were isolated by restriction enzyme digestion and agarose gel electrophoresis . The DNA segment of interest from each clone was cut out of the gel and eluted by the "freeze-squeeze" method of Thuring et al (24) . The eluate was extracted once with chloroform/iso-amyl alcohol (24:1 ), HaCl was added and the DNA was precipitated by the addition of 2 volumes of ethanol.
Unlabelled total human DNA was sheared to an average length of 60O-80Obp, denatured and allowed to anneal in the presence of each of the nick-translated probes. Reassociation was carried out at 60° in 0.2MNaCl, 10mM Pipes pH6.8. The percent renaturationwas determined by susceptibility of the radioactive DNA probe to S1 nuclease. E.coli DNA and the isolated insert from a Blur clone (25) were annealed under identical conditions to provide kinetic standards for the reassociation of DNAs of known complexity. Prom the curves obtained the time taken for 50* renaturation of each probe was determined (the Cot^). The number of copies of each sequence in the gsnome was estimated from this Cot^ value, the size of each cloned DNA fragment and by comparison with the kinetic standards.
RESULTS

Detection of repetitive sequences in a library of cloned cDNA
Our initial aim was to detect the presence of moderately repetitive sequences in a cDUA library derived from total, normal, human lymphocyte poly (A)" 1 " RNA (18) . Our simplistic approach was to use nick-translated total human DMA as a probe for such sequences. Others (17) have shown that under the conditions of hybridisation detailed in the methods, this form of screening of immobilised DNA detects sequences present in greater than 50-100 copies per haploid genome.
In parallel experiments we screened the same clones with labelled total polv(A; lymphocyte RNA in order to detect those clones representing sequences which are fairly or highly abundant in this complex RIIA population.
Initially, we screened a random spread of recombinants which we filtered directly onto 9cm nitrocellulose discs. Approximately 1200 cDNA recombinants were spread onto each filter in this way. Each master filter was screened in duplicate with both ^P-labelled total human DNA and 31 P-labelled total poly(A) + lymphocyte RNA. Pig. 1 shows a representative screening of one of these filters. Clearly, a significant number of the clones show positive hyridisation signals with the total DNA probe. The fact that not all clones show positive hybridisation in this screen also indicates that unique sequences are not
Random spreads of lymphocyte cDNA recombinant clones hybridised with ^P labelled total human DNA (A) and to P labelled lymphocyte poly(A) + RNA (B). 0.5yug of A P-DNA or ^P-RNA was hybridised to duplicate filters in 0.5ml for 16 hrs. Exposure to X-ray film was for 7 days. -^ indicate hybridisation markers on the filters used for orientation.
detected under these conditions. The pattern of positively hybridising clones is very different from that obtained with the total RNA probe.
We also picked clones at random from the cDNA library into microtitre wells, plated these on nitrocellulose discs and screened them in the same way with total DNA and RNA probes. Pig.2 gives an example of the results of this screening. Also included on this figure are the clones which were used in the analysis described in the next section.
On the basis of the screening described above the recombinants may be divided into four classes; those hybridising with 1) the RNA probe, 2) the genomic DNA probe, 3) both probes, 4) neither probe. The data are ordered into these four classes in Table 1 . The largest number of positive (hybridising) clones are those with the RIIA probe. However, 10$ of the clones are positive with a total DNA probe suggesting that they contain repetitive sequences of some form. A small proportion of clones show positive hybridisation with both probes.The largest number of recombinants are negative with both probes and. these represent sequences not reiterated at high frequency in the genome and present at a low level in lymphocyte poly(A) + RNA. The sensitivity of our screening procedures pJL23 A5 A6
A B Figure 2 Ordered array of picked clones hybridised with J a P t o t a l DNA (A) and 32 P lymphocyte poly(A) + RNA (B). The numbers of the clones are those referred t o in the t e x t .
Hybridisation was as in F i g . 1 .
Exposure was for 4 days.
is discussed later.
Analysis of cDNA clones containing repetitive sequences
Initially experiments were designed to investigate how many times the sequences in individual cDIIA clones were repeated in the genome and whether they represented one or many families of repetitive sequences. To this end we isolated plasmid DNA from six clones (included in Fig.2 ) which displayed varying intensity of hybridisation signal with the total DNA probe. The size of each insert was estimated, following digestion with PstI, by comparison with Hindlll/EcoRI-digested DNA size markers. In most cases the Pstl-excised fragment was used in the Cot analysis. Clone pJL 23 contains a 1.9kb insert. 14apping has indicated that a 0.48kb fragment generated by PstI and Haell digestion contained a l l the repetitive sequence (manuscript in preparation) and this fragment was used in the Cot analysis. Each insert DNA was nick-translated and hybridised with at least a 100 fold single copy excess of unlabelled total human DNA as driver in 0.2M NaCl at 60°. The extent of hybridisation was followed by S1 nuclease digestion. Fig. 3 shows the kinetics of hybridisation for each insert and of E.coli DNA back to itself. Under these conditions single copy DNA
Log Cot
Figure j Reassociation k i n e t i c s of cloned cDHAs with t o t a l human DNA. Isolated i n s e r t s from recombinant clones were nick-translated and annealled with sheared (600-800bp) t o t a l human DNA in 0.2K iJaCl at 60°. Heassociation was followed by S1 nuclease s e n s i t i v i t y of the labelled DNA. Table 2 . These are rough estimates as no allowance has been made for alteration to the rate of hybridisation caused by divergence within a family of repetitive sequences. However, the results confirm that the screening procedure allows the detection of sequences present in at least 150 copies per haploid genome.
There is a wide range of reiteration frequency for these clones demonstrating that we are detecting more than one family of repetitive sequences. This was further investigated by cross hybridisation experiments using the Southern blot technique. The insert from each clone was separated from its pAT153 vector by PstI digestion and fractionated on an agarose gel. The Bluri 1 clone containing the Alu sequence was also included in this experiment (the insert in this case Under these conditions we would expect sequences with better than 75^ homology to cross hybridise. One of the reasons for studying the presence of repetitive sequences in this cDNA library was our wish to use random members of the cDNA library as unique probes in Southern blotting to digested total human DNA. Clearly the presence of repetitive sequences in cDNA clones would obscure the hybridisation to any unique sequences which may be present. We therefore used three of the six clones containing repetitive sequences already selected and one other (clone H1, Pig.2), which showed no hybridisation in the original screening, as probes against digested total DNA. The clones used represent sequences with a range of reiteration within the genome. A constant amount of linear pAT153 was run parallel with EcoRI-digested human DNA on a 1$ agarose gel. Both DNAs were hybridised with each nick-translated plasmi d DNA, t v ie 1 i near pAT153 providing an internal standard for the hybridisation reaction and subsequent autoradiography. Fig.4 shows autoradiographs of such Southern blots hybridised with some of the nick-translated plasmid DNAs.
Clearly, most of the clones gave such widely distributed and intense hybridisation to the repetitive sequence that any unique sequence signal was obscured. Clone A6 shows, however, that at a level of ~150 repeats per haploid genome the repeated sequence hybridisation is low enough to allow the detection of hybridisation to the unique sequence also present in this clone. The clone chosen from the population of clones which did not hybridise with the total DNA probe (clone H1) shows a single band of hybridisation with no background smearing.
DISCUSSION
The results described indicate that in our lymphocyte cDNA library approximately \Q.i of the recombinants contain sequences reiterated at varying frequency within the genome. Ho correlation is observed between those clones that contain repetitive DNA sequences and those which are highly expressed in lymphocyte poly(A) RNA. This demonstrates that hybridisation signals using R1IA as a probe are not generally due to the repetitive sequences within the RNA itself. One possibility is that the repetitive sequences detected nere form Figure 4 Southern b l o t of EcoRI digested human DNA hybridised with cDNA clones c o n t a i n i n g r e p e t i t i v e sequences. Human genomic DNA and pAT155 DNA were digested with EcoRI and f r a c t i o n a t e d on a 1$ agarose g e l . The DNA was t r a n s f e r r e d t o n i t r o c e l l u l o s e by Southern b l o t t i n g (25) . Individual t r a c k s were cut up and hybridised with 32 P labelled plasmid DHA p u r i f i e d from the clones r e f e r r e d to in the t e x t . H y b r i d i s a t i o n was for 16 hrs a t 6b° and exposure to X-ray film was for 16 h r s . Tracks 2, 4, 6 and 3 are l i n e a r pAT153 DNA. Tracks 1, 3 , 5 and 7 are EcoRI digested human DHA. Tracks 1 and 2 have been hybridised with clone H1, t r a c k s 3 and 4 with clone A6, t r a c k s 5 and 6 clone D6 and t r a c k s 7 and 3 with clone H2. part of precursor molecules which are later totally degraded. Alternatively, they could represent non-coding sequences in poly(A J* RIIA which are subsequently processed out during the formation of mature mRIIA.
The poly(A) RiiA from which this library was derived was isolated from lymphocytes without prior subcellular fractionation. It therefore consists of recombinants representing total cellular polv(A) + RIIA. This will include some HnRiiA molecules which have been processed at least to the extent of addition of poiy(A). We have not estimated what proportion of the lymphocyte RIIA is HnRNA; however a reasonable estimate based on data from Davidson (26) would indicate that i t may be as much as 33. As indicated in the introduction, a l l HnRIIA molecules contain at least sone re-oetitive sequences (14) . We may therefore expect a maximum of 3# of clones to contain repetitive sequences if the library is truly representative of total lymphocyte poly(A) + RKA. Clearly, HnTCi A cannot account for all the repetitive sequences detected in the cDNA unless the preparation of the library has led to specific enrichment for clones corresponding to large RNA precursors. This is unlikely since the lymphocyte cDNA library has been shown to be representative of the total poly(A) + RNA (18) .
The implication is that not all the clones represent RNAs of nuclear origin. At least 7$fc of the molecules which contain repetitive sequences may exist in the cytoplasm. \/hether any rftNA molecule containing a repetitive sequence is ever translated as such, is unclear.
One of the clones, pJL23, was originally isolated because it contained a sequence which was very abundant in lymphocyte RIJA but not in f ibroblast RNA (27) . Mapping has shown that it contains a short highly repetitive sequence adjacent to a larger single copy sequence. pJL23 contains the largest insert of the clones described here and possibly represents some form of precursor molecule. This cloned sequence has also been used to isolate a mRNA from lymphocyte poly(A) + RNA which stimulates the synthesis of a 55,000 MW protein when added to an in vitro translation system (manuscript in preparation). This experiment does not prove that a mRNA with the structure of pJL23 is ever translated but it does indicate that a repetitive sequence is associated, at least at some stage, with a translatable sequence. This dual screening procedure using DNA and RNA probes may allow the isolation of clones representing precursor molecules for highly expressed sequences. A comparison of such clones with other cDNA clones containing the same unique sequence may provide information about the processing of such large mRNA precursors.
The hybridisation kinetics of the isolated plasmid DNAs with human DNA indicate that they represent sequences which are present in a range of frequencies in the genome. This suggests that more than one family of repetitive sequence is expressed in lymphocytes and this is confirmed by the cross hybridisation experiments. Ifo evidence of cross hybridisation between the cloned DUAs was apparent even at low stringency. The variety of repetitive sequences is further demonstrated by the variable hybridisation signals of the various clones shown in the screening of Fig.1 . Previously it has been shown that the Alu sequence is present in HnffilA (28) and more recently in poly(A) + RIIA (29). In this more recent investigation however, there is no indication of the amount of the Alu sequence present in the cDNA analysed and thus how many cDUA moleoules may be expected to contain this sequence. None of the clones analysed here appeared to contain the Alu sequence as indicated by the cross hybridisation experiment and the renaturation kinetics. Its representation in the cDNA library is presently under investigation. The extent of renaturation varied for each of the isolated inserts. However, at higher Cot values the extent of hybridisation increased to an average of 80$. This is shown for one of the clones (C3) in Fig.3 , the others have been ommitted for clarity. This second component hybridises with the kinetics of single copy DNA. It would indicate that the portion of the insert which hybridises fastest represents a repetitive sequence in each case and the remainder a unique sequence associated with it. The Cot analysis also gives some indication of the sensitivity of the screening procedures used. In this case clone A6 showed the faintest positive hybridisation signal in the GrunsteinHogness screening of the ordered array using a total DNA probe. The repetitive sequence present in this clone is reiterated about 150 times in the haploid human genome. Using this technique in this way we can detect clones containing sequences which are repeated 150 times in the genome, but we cannot detect unique sequences, or those present at a lower copy number than 150.
We have previously studied the sensitivity of the Grunstein-Hogness screening using total HNA probes (27) . This showed that clones complementary to sequences present at greater than 0.2$ of an RNA probe can be detected. The majority of the clones in an isolated cDNA library will not give a positive hybridisation signal using total DNA or poly(A) RNA probes.
It would be interesting to determine whether the repetitive sequences expressed in human lymphocyte poly(A) + RNA are a random representation of all the diddle repetitive sequence elements present in human DNA, or whether a particular subset is expressed as suggested by Davidson e_t al (16) . This may clarify the role of expressed middle repetitive sequences and we are currently investigating this using cDHA libraries derived from other normal cell types. This investigation was initially stimulated by our wish to use cDNA clones as gene-specific probes in Southern blots of genomic DNA digested with restriction enzymes. The presence of repetitive sequences in some of the clones limits their use in this way as can been seen in Fig.4 -At least 10% of the clones in this cDNA library contained such repetitive sequences and this value may well apply to cDNA libraries derived fro-n other cell types. This problem can be overcome by prescreening the clones with a total DNA probe. This procedure eliminates those clones likely to give no clear unique banding pattern. We have found the procedure similarly useful in the screening of genomic fragments cloned in phage.
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